Results
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Expression analysis of LjMATE1 during nodulation 8 Based on our microarray analysis in nodules of L. japonicas, a MATE-type transporter gene 9 (LjMATE1) is suggested to be involved in nitrogen fixation in this plant due to the high 10 expression in the infection zone. To confirm the in silico data experimentally, expression 11 analysis was carried out. Using gene-specific primers we found that the expression of LjMATE1 12 was specifically observed in nodules of L. japonicus (Fig. 1A) . Time-course experiment at five 13 different nodulation stages revealed that the gene expression of LjMATE1 was dramatically 14 increased at 7 days post inoculation (dpi) of Mesorhizobium loti and kept high level during SNF 15 (Fig. 1B) . 16 To analyze the tissue specific expression of LjMATE1 in nodules in more detail, we isolated 17 1.7 kb fragment upstream of the translational initiation codon from L. japonicus genomic DNA, 18 which contains the putative LjMATE1 promoter region (pLjMATE1), and was fused to β 19 -glucuronidase (GUS) reporter gene. The binary vector containing pLjMATE1::GUS reporter 20 system was then introduced into L. japonicus with hairy root transformation method. GUS 21 expression analysis clearly showed that LjMATE1 was expressed only in nodules and no 22 expression was seen in root tissues through nodulation (Fig. 1C-H) . To identify the cell type 1 where LjMATE1 is expressed, nodule sections were prepared after GUS staining. Microscopic 2 observation revealed that the GUS staining was observed mainly in the infected cells of nodules 3 at 7 and 21 dpi (Fig. 1D, F) (Fig. 4B, C) , suggesting that the ability of SNF was 9 reduced in the knockdown line. Then we observed nodule phenotype of the ljmate1 line.
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Accompanied with normal pink nodules that were normally seen in control plants, about one 11 third of nodules in ljmate1 revealed greenish appearance (Fig. 5A-D) . The nodule size of 12 ljmate1 was significantly smaller than that of control plants (Fig. 5E) , and the acetylene 13 reduction activity (ARA) of nitrogenase was also significantly reduced in ljmate1 as well as the 14 expression level of leghemoglobin (Fig. 5F, G (Fig. 6C, D) , indicating altered Fe localization in ljmate1 nodules. This 1 staining pattern was not observed in LjMATE1 nodules (control) (Fig. 6E, F Fig. 7A, B) . However, Fe staining was apparently fainted in the infection zone of 11 ljmate1 nodules particularly in the central region ( Fig. 7D, E) . Then, we determined Fe contents 12 in nodules using ICP-MS, and found the reduced Fe concentration in ljmate1 nodules (Fig. 8) . 13 These results strongly suggest the involvement of LjMATE1 in Fe accumulation in nodules by 14 increasing Fe mobility. 15 Moreover, unusual Fe deposition was seen in the root vascular bundles in the ljmate1 plant 16 as well (Fig. 6D, 7F ), which may be a secondary phenomenon of stagnant Fe delivery into the 17 nodules, as the expression of LjMATE1 is restricted to the infection zone of nodules (Fig. 1C-H) . 18 The spacial difference in tissues between the relevant gene expression and the Fe accumulation bacteria. At 28 dpi, the pink nodules were collected and dried in an oven at 70°C for 2 days. LjMATE1 the blue staining was not observed at both top (E) and nodule-root junction (F) side.
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Scale bars = 200 m. 
